NfsB is an oxygen-insensitive nitroreductase of Escherichia coli with significant amino acid sequence homology to the major flavin reductase (FRase I) of Vibrio fischeri. Here, we show that NfsB is convertible to an FRase I-like flavin reductase three times as active as the authentic FRase I by a single amino acid substitution in the least-conserved region.
How protein molecules have acquired or lost various catalytic functions through evolution is one of the central questions of protein evolution. A newly identified protein family that includes FRase I, the major flavin reductase from Vibrio fischeri (14) , classical nitroreductases from Salmonella typhimurium (12) and Enterobacter cloacae (3) , and an Escherichia coli nitroreductase, NfsB (1, 8, 13, 14) , may provide a good system for this type of study, since FRase I has been shown to be associated with a considerable level of nitroreductase activity (13, 14) (Table 1 ) and although NfsB is very similar in various biochemical properties to FRase I (1, 13), little flavin mononucleotide (FMN) reductase activity is associated with NfsB (Table 1) . If the genes encoding NfsB and FRase I are evolutionary derivatives of a common progenitor, then one might consider it possible to convert NfsB to an FRase I-like enzyme using the technique of in vitro mutagenesis. To address this issue, the entire NfsB-coding region was subjected to PCR mutagenesis in the presence of Mn 2ϩ (6) and an E. coli JM83 (7) cell library with various mutant NfsB expression plasmids (with the vector pUC118 [11] ) was constructed. Ninety colonies were selected at random, and FMN reductase activities in crude extracts were examined as described previously (13, 14) . A mutant line (clone 247) was found to exhibit an exceptionally high level of FMN reductase activity. Nucleotide sequence analysis showed the mutant NfsB (NfsB-247) to contain two amino acid substitutions (Fig. 1) . To determine which amino acid change is responsible for the increase in the FMN reductase activity level, two mutations were physically separated from each other to generate NfsB-247-2G and NfsB-247-124S, in which Asp-2 (GAT) and Phe-124 (TTC) are replaced with Gly (GGT) and Ser (TCC), respectively (Fig. 1B ). An enzyme assay clearly showed a Phe-to-Ser substitution at position 124 to be solely responsible for the increase in the FMN reductase activity level (Fig. 1B, right side) . Note that Phe-124 is situated in the least-homologous region (Fig. 1A) . Our amino acid sequence alignment suggests that the amino acid corresponding to Phe-124 of NfsB is deleted in FRase I (Fig. 1A) . Thus, we constructed NfsBs either lacking the amino acid or having a different amino acid at position 124 by PCR site-directed mutagenesis (13) . All NfsB mutants so far obtained (NfsB-247-124X [X indicates a substituted amino acid]) along with the original NfsB-247-124S mutant were purified to homogeneity ( Fig. 2A) . Analyses of flavin cofactors (Fig. 2B ) and of various reductase activities (Table 1) were performed as described previously (9, 13) . (Note that NfgB reductase requires flavin as a prosthetic group [13] .) Except for NfsB-247-124R, amino acid changes at position 124 have no appreciable effect on FMN binding. In NfsB-247-124R, a considerable amount of riboflavin was incorporated as a substitute for FMN, suggesting that Phe-124 may be spatially situated near the isoalloxazine ring of the flavin incorporated as a prosthetic group. It was found that all amino acid substitutions so far examined and the absence of an amino acid at position 124 significantly increase FMN reductase activity levels without a substantial loss of nitroreductase activity (Table 1) . NfsB-247-124S exhibited the highest level of FMN reductase activity. It appeared to be capable of reducing FMN levels three times more rapidly than the authentic FRase I did. Authentic NfsB exhibited ferricyanide and 1,4-benzoquinone reductase activity levels severalfold higher than those of FRase I (Table 1) . These activity levels were well preserved in substitution mutants but were considerably decreased in the deletion-type mutant and in FRase I. All enzyme activities reflected in Table  1 were assayed at 23ЊC for the convenience of measuring initial velocities. Thus, we examined the temperature dependencies of the reactions (Fig. 3) and found that FMN reductase activity levels of NfsB-247 mutants are significantly higher than those of the authentic NfsB at any temperature examined. It may An additional finding reflected in Fig. 3 is that NfsB-247-124Z (Z ϭ S, D, or a deletion) is a temperature-sensitive mutant with respect to nitrofurazone reduction. Apparently, this finding is additional evidence supporting the notion that, although nitrofurazone may be an artificial or nonnatural substrate, its reduction requires the protein moiety; hence, nitrofurazone reduction is enzymatic. The amino acid substitution of NfsB at position 124 may destabilize the putative nitrofurazone binding site but not those for FMN and NADH. It is quite feasible that the removal of or the single amino acid substitutions at position 124 cause no substantial conformational change leading to enzyme inactivation but that they cause subtle local structural changes which may remove physical or chemical constraints preventing large flavins, such as FMN and flavin adenine dinucleotide, from gaining access to the active center, with an FMN bound as a prosthetic group in wild-type NfsB (1, 13).
Our results strongly suggest that the genes encoding E. coli NfsB nitroreductase and V. fischeri FRase I flavin reductase are derivatives of a common progenitor. However, our in vitro evolution experiments with NfsB may raise another question, namely, why wild-type NfsB is not associated with flavin reductase activity, regardless of potentially high mutability of the codon for Phe-124. One possible answer to this question is relevant to the facts that (i) E. coli has no luminescence reaction requiring the supply of free FMNH 2 and (ii) Fre, a sole endogenous flavin reductase in E. coli (4, 10) , is usually present in a complex with other proteins; hence, a high concentration of free FMNH 2 is not mandatory for the propagation of E. coli cells.
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